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INVENTION DESCRIPTION 



Describe the invention completely, using the outline given below. Please provide an Electronic Copy of the 
invention disclosure document, references, and abstracts, in Windows format, on CD-Rom or Floppy Disk. 



1. Abstract of the Invention [In order to assist Licensing and Technology Development with the assessment of 
this technology, please provide a summary of the invention that should be written to be understood by a wide 
audience including non-technical individuals]. 

We have shown that small cell lung cancer (SCLC), a highly aggressive and frequently lethal tumor, uses an 
embryonic signaling pathway to promote its growth. This signaling pathway is known as the Hedgehog 
pathway, and its normal function is to regulate organ formation and regulate progenitor cells in embryos and in 
some adult tissues. SCLC is characterized by abnormal activation of this pathway which can be specifically 
inhibited by cyclopamine, a naturally occurring compound. Use of cyclopamine specifically inhibits the growth 
of SCLC, and suggests a potential way to exploit this pathway for novel therapeutic strategies. These strategies 
could ultimately involve cyclopamine, and other novel inhibitors of Hedgehog pathway, to treat SCLC. 



2. Problem Solved [Describe the problem solved by this invention] 

SCLC is a highly aggressive, frequently lethal form of lung cancer. After initial responses to chemotherapy, the 
vast majority of patients relapse and die within twelve months. We have discovered that SCLC is vulnerable to 
specific inhibition of the Hedgehog signaling pathway. Inhibitors of this pathway such as cyclopamine doe not 
act as conventional chemotherapeutic agents and doe not produce the same toxicities characteristic of most 
anticancer drugs. We propose that cyclopamine, and novel inhibitors of Hedgehog signaling, represent potential 
new therapies that may effectively treat SCLC. 



2. Novelty [Identify those elements of the invention that are new when compared to the current state of the art] 

The novelty of this invention can be summarized as (1) The identification of the Hedgehog signaling pathway in 
SCLC, (2) The discovery that SCLC growth is dependent on the activity of this pathway, and (3) Specific 
inhibitors of Hedgehog signaling inhibit the growth of SCLC and represent a potential novel therapy. 
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4. Detailed Description of the invention: 

On a separate page(s), attach a detailed description of how to make and use the invention. The description must 
contain sufficient detail so that one skilled in the same discipline could reproduce the invention. Include the 
following as necessary: 

1 - data pertaining to the invention; 4- procedural steps if a process 

2- drawings or photographs illustrating the invention; 5- a description of any prototype or working model; 

3- structural formulae if a chemical; 

In general, a manuscript that has been prepared for submission to a journal will satisfy this requirement. 



5. Workable Extent/Scope [Describe the future course of related work, and possible variations of the present 
invention in terms of the broadest scope expected to be operable; if a compound, describe substitutions, breadth of 
substituents, derivatives, salts etc., HDNA or other biological material, describe modifications that are expected to 
be operable, if a machine or device, describe operational parameters of the device or a component thereof, 
including alternative structures for performing the various functions of the machine or device] 

The future scope of this work could entail (I) Use of novel Hedgehog inhibitors to investigate their potential 
efficacy in inhibiting the growth of SCLC, and (2) Use of cyclopamine or other novel Hedgehog inhibitors to treat 
SCLC in humans. 



6. Key Words [Please list specific key words that accurately describe the present invention] 
Lung Cancer, Hedgehog pathway, Hedgehog pathway inhibitors, Treatment 



7. References [Please list the closest and most relevant journal citations, patents, general knowledge or other 
public information related to the invention] 

Watkins DN et al, Hedgehog signaling within airway epithelial progenitors and in small cell lung cancer. Nature 
2003 in press 

Berman DM et al, Medulloblastoma Growth Inhibition by Hedgehog Pathway Blockade. Science, 2002; 297: 1559- 
1561 

Taipale J et al, Effects of oncogenic mutations in Smoothened and Patched can be reversed by cyclopamine. Nature 
2000; 6799:1005-1009 

Cooper et al, Teratogen-Mediated Inhibition of Target Tissue Response to Shh Signaling. Science, 1998; 280: 1603- 
1607. 
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SOFTWARE IMPLEMENTATION OF THE INVENTION 



Indicate if this disclosure of invention is software or if software is implemented in the invention. 
□Yes XNo 

If Yes, describe the implementation of the software completely, using the outline given below. 

1. Scope of Work [Is the work original? Is it created within the scope of your employment at JHU? Please explain 
the circumstances of program's development] 



2. Software Developers [Please list any developers of the software if different from invention] 



None □ 



3. Software Derivation [If software is a derivative of an existing work, please explain the original work's source 
and the modification] 



None □ 

4. Third Party Content [Identify any third party content or other elements and their source included in the 
software] 



None □ 

5. Brief Software Description [Please characterize how robust and user friendly the work is.] 
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RESEARCH SUPPORT INFORMATION 

Indicate ALL contributions to the development of the invention in terms of personnel, money, materials and 
facilities etc. 

Check each funding source that applies to this invention: 

□None X Federal Sponsor(s) □University Funding □Commercial Funding X Other 

For each funding source, provide the below information. Additionally, if "Commercial" or "Other" Funding was 
used, please attach a copy of each such award notice. 

Granting/Funding Source Award/Contract Number Title of Grant Copy Attached 

NCI SPORE CA058184 Inhibition of Hedgehog Signaling in Hum an Lung Cancer X 

FAMRI Cvclopamine Inhibits Hedgehog Signaling and Grow th in Lung Cancer Cells X 

□ 

n 

n 

__□ 



AGREEMENT SUPPORT INFORMATION 



Were any materials, equipment or software under a Special Agreement, such as Material Transfer agreements, 
purchase agreements, sponsored research agreements, or the like used? QYes X No 

If yes, please provide the following information for each item and attach a copy of the Agreement. 

Source of Materials Materials Copv Attached 

. □ 

□ 

_□ 

□ 
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Intellectual Property Policy for the invention described herein must complete Section C. 

I/we, the Inventors, hereby certify that the information set forth in this Report of Invention is true 
and complete to the best of my/our knowledge. 

I/we, the Inventors, hereby certify that I/we will promptly advise LTD of any commercial interest 
regarding the invention described herein. 

I/we, the Inventor(s), subject to The Johns Hopkins University Intellectual Property Policy and not 
under an obligation to assign intellectual property rights to another party, hereby affirm that in 
consideration for The Johns Hopkins University's evaluation of commercial potential and a share of 
income which I/we may receive upon commercialization of my/our invention, on the date of my/our 
signature(s) as indicated below do hereby assign and transfer my/our entire right, title and interest in 
and to the invention described herein unto The Johns Hopkins University, its successors, legal 
representatives and assigns. 


JHU Inventor Signature 


D Neil Watkins MBBS PhD 
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Date 


<^LJ^|^ 
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David M Bennan MD PhD 
Typed or Printed Name 


Date ' 
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Date 




Stephen B Baylin MD 
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Date 
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SECTION C. INVENTOR CERTIFICATION without Assignment 

Non-JHU Inventors, and HHMI or KKI Inventors at JHU must complete this Section. 

Any JHU Inventors) who believes themselves not subject to assignment via The Johns Hopkins University Intellectual 
Property Policy for the specific invention described herein (e.g. the invention was made under a consulting agreement or other) 
must sign below and summarize the reasons for their belief. LTD will review this summary and may, depending upon the 
unique facts of the case, require assignment of the invention at a future date. 

I/we, the Inventor(s), hereby certify that the information set forth in this Report of Invention is true 
and complete to the best of my/our knowledge- 

I/we, the Inventor(s) who are HHMI or KKI inventors at JHU, hereby certify that I/we will promptly 



advise LTD of any commercial interest regard 


ling the invention described herein. 


Inventor Signature ! 
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Typed or Printed Name 


3/7/03 

Date 



Exception to assignment via the JHU Intellectual Property Policy: HHMI, □ KKI, □ Non-JHU personnel, □ Other 
If Other, please provide details of the exception: 
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Typed or Printed Name 



Date 



Exception to assignment via the JHU Intellectual Property Policy: □ 
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Licensing and Technology Development 
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Hedgehog signalling within airway 
epithelial progenitors and in 
small-cell lung cancer 

D. Neil Watkfns', David M. Bermann, Scott & Burkholder*. 
Baolln Wangt, Philip A. Beachy? & Stephen B. Baylln* 

* Sidney Ksmmel Comprehensive Cancer Center, t Department of Pathology, 
t Department of Molecular Biology and Genetics, and Howard Hughes Medical 
Institute, Johns Hopkins University School of Medicine, Baltimore, Maryland 
21231, USA 

Embryonic signalling pathways regulate progenitor cell fetes in 
mammalian epithelial development and cancer 1,2 . Prompted by 
the requirement for sonic hedgehog (Shh) signalling in lung 
development 3 * 4 , we investigated a role for this pathway in regen- 
eration and carcinogenesis of airway epithelium. Here we 
demonstrate extensive activation of the hedgehog (Hh) pathway 
within the airway epithelium during repair of acute airway 
injury. This mode of Hh signalling is characterized by the 
elaboration and reception of the Shh signal within the epithelial 
compartment, and immediately precedes neuroendocrine differ- 
entiation. We reveal a similar pattern of Hh signalling in airway 
development during normal differentiation of pulmonary neuro- 
endocrine precursor cells, and in a subset of small-cell lung 



cancer (SCLC), a highly aggressive and frequently lethal human 
tumour with primitive neuroendocrine features. These tumours 
maintain their malignant phenotype in vitro and in vivo through 
ligand-dependent Hh pathway activation. We propose that some 
types of SCLC might recapitulate a critical, Hh-regulated event in 
airway epithelial differentiation. This requirement for Hh path- 
way activation identifies a common lethal malignancy that may 
respond to pharmacological blockade of the Hh signalling 
pathway. 

Sonic hedgehog (Shh), a mammalian hedgehog (Hh) pathway 
ligand, mediates epithelial-mesenchymal interactions in lung 
development by signalling to adjacent lung mesenchyme, as indi- 
cated by expression of the Hh receptor and pathway target Patched 
(Ptch)*. Loss of Shh function results in severe lung defects associated 
with failure of branching morphogenesis* 4 . As developmental path- 
ways regulate progenitor cell fates and differentiation in some 
regenerating mammalian epithelia 1,2 , we hypothesized that Hh 
signalling might be important in airway epithelial repair. 

In contrast to the skin and colon, adult airway epithelium rarely 
proliferates unless injured 6 . To uncover a role for Hh signalling in 
this process, we studied a mouse model of acute airway repair in 
which Clara ceils, specialized airway epithelial cells predominant in 
distal conducting airways, are depleted within 24 h of systemic 
naphthalene administration 6 . Activation of a putative airway pro- 
genitor results in epithelial regeneration within three days, with 
increased numbers of airway neuroendocrine cells — a normally rare 
cell type implicated in the regulation of airway epithelial growth and 



Control Naphthalene day 3 



Naphthalene day 4 C E13 
Gli1 




mm*. ?r> **» 



.5 ^sj^SSf Shh E13.5 



X-gal 



d E16.5 ? X-gal Adult 



a X-gal 




CGRP 
m 


a 




Plch 


Merge 


_ 










CGRP 






Shh 


Merge 




a 


m 




mm 



Rgure 1 Hedgehog signalling in airway repair and development a, tmmunohistochemtcal 
detection of Shh and Gfi1 in adult mouse airways is negative in normal airways (left 
panels), but positive for both Shh and GJI1 in serial sections 3 days after naphthalene 
injury (middle panels). By 4 days after naphthalene treatment (right panels), Qii -positive 
cells are reduced in number (arrow). Serial sections demonstrate that nascent 
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CGRP-positive ceils do not express stained GUI . Scale bar, 50 ujn. b, Quantitative 
analysts of bronchial epithelial staining in a {n = 4. mean ± s.em). c. Shh signalling in 
£13.5 lungs. Shh immunostaining in embryonic airway epithelium is shown in the left 
panel. The right panel shows X-gal staining of lungs obtained from E13.5 Ptch-UcZ 
mouse embryos, demonstrating intense mesenchymal staining. Scale oar. 25 ^m. d, 
Clusters of UcZ -positive ceils (arrows) are seen in the airway epithelium of £1 6.5 (left 
panel) and adult (right panel) mice. Scale bar. 25pjn. a, airway; m. rnesenchyme; bm, 
basement membrane, e, Confbcal immunofluorescence detection of Hh signalling in lung 
development The top row demonstrates expression of both CGRP and Ptch in an £16.5 
airway (arrow), similar to that shown in d. The bottom row shows expression of CGRP 
(arrow) adjacent to Shh-expressing epimefiai ceils (see high-rrtagnification inset). Scale 
bar. 25ujn. 
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development 6,7 . In regenerating airways, we observed marked 
expression of both Shh ligand and Glil, a transcriptional target of 
Hh signalling*, in the epithelial compartment 72 h after naphthalene 
injury (Fig. la). By day 4, Glil was not observed in nascent airway 
epithelial cells expressing calcitonin gene- related peptide (CGRP), a 
marker of neuroendocrine differentiation (Fig. la, b). These 
data show that acute airway epithelial regeneration results in wide- 
spread activation of airway intraepithelial Hh signalling, which 
immediately precedes neuroendocrine differentiation. 

Embryonic lung epithelial cells express Shh, which is thought to 
signal to adjacent lung mesenchyme to regulate branching mor- 
phogenesis 3 " 5 . In light of this, our detection of Shh and Glil within 
the epithelial compartment during airway epithelial regeneration 
was unexpected. To determine whether such intraepithelial signal- 
ling occurred in embryonic lung development, we studied mice in 
which one copy of Ptch is replaced in-frame with the g-galactosidase 
(P-gal) gene by homologous recombination 9 . As Ptch is a transcrip- 
tional target of the Gli proteins, expression of p-gal indicates 
activation of the Hh pathway 9 * 10 . Early gestation (embryonic day 
(E) 13.5) embryos showed expression of Shh protein in the primitive 
lung endoderm, and intense 3 -gal expression in the adjacent 
mesenchyme (Fig. Ic). By contrast, later lung development 
(E16.5) was characterized by clusters of 0 -gal-expressing cells in 
the developing airway epithelium (Fig. Id). Small numbers of cells 
expressing p-gal persist in the basal layer of the adult bronchial 
epithelium (Fig. id). Similar clusters of epithelial cells expressing 
the neuroendocrine marker CGRP and Ptch were observed by 
confocal immunofluorescence in El 6.5 airways, immediately adja- 
cent to cells expressing Shh (Fig. le). These data suggest that during 
normal development, neuroendocrine precursors within the airway 
epithelial compartment respond to a Shh signal elaborated by 
adjacent airway epithelial cells. 



SCLC is an aggressive, highly lethal malignancy with primitive 
neuroendocrine features 11 . As aberrant reactivation of developmen- 
tal pathways may have a role in cancer growth' ■ 2 , we wondered 
whether the epithelial Hh signalling we had observed in airway 
embryogenesis and repair might persist in SCLC. Analysis of SCLC 
tissue showed that five out of ten tumours expressed both Shh and 
Glil (Fig. 2a; see also Supplementary panel a). Out of 40 non-SCLC 
(NSCLC) tumours, nine demonstrated Shh expression and of 
these, four demonstrated co-expression of Glil (Fig. 2a; see also 
Supplementary panel a). These data provide indirect evidence of 
persistent activation of Hh signalling in lung cancer, predominantly 
in SCLC. These findings were confirmed by analysis of human lung 
cancer cell lines. Notably, all seven SCLC and seven NSCLC cell lines 
expressed Shh protein (Fig, 2b). Out of five breast and eight colon 
cancer cell lines examined, only one (CAC02) expressed Shh 
protein, and none expressed Glil protein, as shown by western 
blot analysis (data not shown). Importantly, expression of both Shh 
and Gli 1 proteins was observed in five out of seven SCLC lines, and 
this correlated with increased expression of Ptch messenger RNA 
(Fig. 2b). In contrasts NSCLC lines expressed Shh and low levels of 
Ptch, but not Glil. These data are summarized in Supplementary 
panel b. 

To determine how Hh signalling might function in these 
tumours, we co-cultured cancer cells with Shh-LIGHT2 cells, a 
fibroblast reporter cell line that responds to exogenous Shh by 
activation of an integrated Gli-responsive Iuciferase reporter 10 . 
Some NSCLC cells that express Shh are capable of heterologous 
cell signalling to the reporter cell line (Fig. 2c), suggesting that 
NSCLC retains the Shh export properties of primitive lung endo- 
dermal cells that signal to adjacent mesenchymal cells in early 
development. By contrast, the SCLC cells we studied display a 
marked reduction in this ability to signal to adjacent cells. These 
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Figure 2 Hh signalling In lung cancer, a, Examples of Shh and GUI Immunostaining In 
human lung cancer tissue. Note the widespread co-expression of Shh and GS1 in SCLC, 
which is reduced in the NSCLC example, h, Expression of Hh signalling components in 
lung cancer ced lines. Trie top panel shows immunob letting (IB) data for expression of Shh, 
Glil and GAPOH. The bottom panel demonstrates Ptch mRNA expression in the same ceil 
lines detected by RNAse protection assay (RPA). The markers along the right indicate 
relative molecular mass, c Induction of GB-tutife&se activity in Shh4JGHT2 reporter ceOs 



co-cultured with purified Shh-Np ot the cell lines indicated on the xaxis. Luaferase 
activity is normalized to a ReniIJa luciferase internal control (n = 6, mean x s.e jn.). 
d.ShhandGfll expression in NC1-H249 SCLC xenograft ceils detected by dual-label 
irrtmunofustochemistry. Brown. Shh; red. GM. The left panel shows a tumour ceil 
expressing Shh atone (arrow); the right panel shows a Shh-expressing tumour ceil (top 
arrow) and an adjacent GDI -expressing tumour cell (bottom arrow). 



O 2003 Nature Publishing GfOOfXTURE | S MARCH >003 | doi: 1 0. 1 03&/nalurr0 1493 J www.naturt.com/ nilurr 



advance online publication 



letters to nature 



data demonstrate that distinct types o flung cancer cells recapitulate 
different aspects of Shh signalling seen in lung development and 
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repair. 

We next addressed the mechanism of Hh pathway activation in 
SCLC Dual-label immunostaining for Shh and Glil in SCLC nude 
mouse xenografts demonstrated Shh -expressing cells adjacent to 
Glil -expressing ceils (Fig. 2d). These data suggest juxtacrine Hh 
pathway activation in SCLC markedly similar to that observed in 
airway development and repair. Next, we asked whether ligand- 
driven Hh pathway activation promotes growth of SCLC. Inhibition 
of Shh Ugand activity in NCI-H249 and NCI-H16 18 SCLC cells with 
the 5E1 Shh-N monoclonal antibody 11 resulted in growth inhibition 
(Fig. 3a). Although NCI-H157 NSCLC cells express Shh, they do not 
express Glil protein, and are not affected by 5E1 treatment (Fig. 3a). 
These data demonstrate that growth of SCLC cells in vitro is 
dependent on ligand- mediated activation of the Hh pathway, 
and suggest the presence of a normal Ptch receptor, confirmed 
by sequencing of Ptch complementary DNA in both NCI-H249 
and NCI-H1618 SCLC cells generated by reverse transcription- 
polymerase chain reaction (RT-PCR) (data not shown). 

The Veratrum alkaloid cyclopamine specifically inhibits the Hh 
pathway 10,13,14 through interaction with the Hh signalling protein 
smoothened 15,16 . Moreover, cyclopamine blocks the oncogenic 
effects of mutations of Ptch in fibroblasts 10 , and inhibits the 
malignant growth of medulloblastoma cells lacking Ptch function 17 . 
Treatment of NCI-H249 SCLC cells with cyclopamine, or a more 
potent analogue KAAD-cyclopamine 10 , resulted in significant 
growth inhibition, whereas tomatidine, a closely related compound 
that lacks the capacity to inhibit Hh signalling, had no effect 
(Fig. 3b). The effects of cyclopamine and KAAD-cyclopamine on 
the growth of SCLC reflect their relative potency in silencing Hh 
pathway activation in vitro 10 . None of KAAD-cyclopamine, cyclo- 
pamine or tomatidine was able to affect growth of NCI- Hi 57 
NSCLC cells (Fig. 3c). The growth- inhibitory effect of cyclopamine, 
if due to Hh pathway blockade, should be bypassed by constitutive 
overexpression of the Hedgehog pathway effector Glil (ref. 17). We 
indeed observed that stable expression of a Flag-tagged Glil 
protein 18 protected NCI-H249 SCLC cells from growth inhibition 
by cyclopamine, whereas a Glil mutant lacking the zinc finger 
DNA-binding domain had no effect (Fig. 3d). Treatment of nine 
cancer cell lines with cyclopamine at concentrations up to 10 [xM 
demonstrated growth inhibition only in SCLC cells that expressed 
both Shh and its transcriptional effector Glil (Supplementary panel 
b). These data show that cyclopamine induces growth inhibition in 
SCLC cells expressing both Shh and Gli 1 by specific inhibition of the 
Hh pathway. - * 

We next investigated the relationship between Hh pathway 
blockade by cyclopamine and growth arrest in SCLC. Unsynchro- 
nized NCI-H249 SCLC cells treated with 5 jiM cydoparnine for 72 h 
demonstrated arrest of the cell cycle in Go/Gl (Fig. 3e) and 
apoptosis indicated by an increase in cleaved PARP (Fig. 3f). 
Analysis of Ptch mRNA expression revealed downregulation in 
response to cydoparnine treatment (Fig. 3g). These results indicate 
silencing of Hh pathway activation at concentrations of cyclopa- 
mine that induce both growth arrest and apoptosis. We next 
investigated the possibility that SCLC cells might express transcripts 
indicative of a progenitor cell phenotype. We detected expression of 
BMP4, a morphogen and putative target of Hh expressed in lung 
epithelial embryogenesis 19 , and nestin, an intermediate filament 
characteristic of neural stem cells in medulloblastoma' 7 (Fig. 3h). 
Treatment of NCI-H249 SCLC cells with cydoparnine for 48 h 
inhibited expression of both these genes (Fig. 3h), as well as the 
expression of human ASH-1, a transcription factor required for 
pulmonary neuroendocrine differentiation 20 . These changes in gene 
expression suggest that Hh signalling maintains a progenitor cell 
rate in SCLC. 

Pathological activation of Hh signalling is assodated with 
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medulloblastoma, a malignant brain tumour thought to arise 
from the granule cells of the cerebellum 9 * 21 . Maintenance of abnor- 
mal progenitor-like fates through continued Hh pathway activation 
is essential for malignant growth of these tumours in vivo 17 . We 
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Rgure 3 Hh pathway activation is essential for me growth of SCLC. a. Growth of cancer 
cell fines treated with monocionai antibodies against p -galactosidase CP -gal) as a control, 
or Shh for 4 days. b. NOH249 SCLC ceil growth after 5 days, treated with tomatidine, 
cydoparnine or KAAO cyclopamine at the indicated concentrations, c. Identical 
experiment performed in Nd-Hl 57 NSCLC cells, d, Response of stably transfected 
NQ-H249 SCLC ceils to treatment with cyclopamine when expressing neomycin 
resistance (NeoO, a mutant GH1 lacking the zinc finger domain (Rag-G01ZH)) ( Glil 
(Rag«GM), and wild-type untransfected (wT) ceils. Cell viability was measured by MTT 
assay, detected at an absorbance at 540 nm (A^ {n = 6) and expressed as a 
percentage of control i s.e jn. e. Ceil cycle analysis in NCI-H249 ceils treated with 
tomatidine or cyclopamine (5 jiM). Percentages in each phase of the cell cyde are shown 
below and are shown as the mean of three experiments, f. Cleaved PARP expressicn in 
NO-H249 and NQ-H41 7 SCLC cells treated with tomatidine (-) or cyclopamine (+) 
(5 pity. g. Ptch mRNA expression in NO-H249 SCLC cells detected by northern blot 
analysis after treatment with cydoparnine. 28s RNA stained with ethidium bromide is 
shown as a loading control, h, RT-PCR analysis of transcripts in NC1-H249 SCLC cells. 
Com. control; Tom. tomatidine treated; Cyc. cyctopamine treated. 
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Rgure 4 Cydopamine inhibits SCLC tumorigenicity. a, The top panel shows soft agar 
growth of NC1-H249 SCLC ceils treated with cydopamine. Plates were stained with 
ethkfium bromide. The bottom panel shows colony formation of NQ-H249 SCLC ceils 
treated with cydopamine (5 jlM) and stably transf ected with neomycin resistance {NerY), 
mutant GUI (Rag-CB1ZFD) or GB1 (Rag-GUI), b. Quantitative analysis of the experiment 
described in a. Data are shown as mean colonies per well £ s.e.m. {n = 6). c. Growth of 
NC3-H249 nude mouse subcutaneous xenografts in animals treated with tomatkfine or 
cydopamine for 10 days. d. Identical experiment to that shown in c except that A549 
NSCLC cells were used. Data are shown as mean tumour volume ± s.e.m. as a 



percentage of tumour volume at day 0 {n = 7). 
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wondered whether SCLC ceils were similaxly dependent on Hh 
signalling for their malignant behaviour. NCI-H249 SCLC cells 
treated with cydopamine showed reduced soft agar clonogenicity — 
an in vitro assay of tumorigenicity (Fig. 4a, b). This effect was 
reversed in cells overexpressing the Hh pathway transcriptional 
effector GUI (Fig. 4a, b). We next tested the ability of systemic 
cyclopamine treatment to inhibit the growth of SCLC xenografts in 
nude mice. Mice bearing xenografts were treated subcutaneously 
with 25 mg~ 1 kg" 1 day" 'cyclopamine as described 17 . Growth inhi- 
bition was observed in three SCLC lines: NCI-H249 (Fig. 4c), as well 
as NCI-H417 and NCI-H1618 (data not shown). No effect was 
observed in A549 NSCLC cells (Fig. 4d) nor in HCT-1 16 colon 
cancer xenografts (data not shown). These data are summarized in 
Supplementary panel b, and show that Hh signalling is required for 
the growth in vivo of SCLC cells that express both Shh and GUI. 

We have shown that Hh signalling in airway epithelium is not 
limited to epithelial-mesenchymal interactions, but can be con- 
tained within the airway epithelial compartment during embryonic 
neuroendocrine differentiation and airway repair. Taking evidence 
that links Hh signalling to cerebellar progenitor cell differentiation 
into consideration 21 ™ 23 , we propose a similar role for this pathway in 
the regulation of airway progenitor cell fates, which maybe specified 
immediately before the divergence of neuroendocrine and non- 
neuroendocrine lineages. The dependency of SCLC cells on Hh 
pathway activation is also notable in that it relies on the presence of 
Shh ligand, it occurs in the absence of mutations in Ptdu and 
recapitulates juxtacrine Hh signalling seen in development and 
airway repair. SCLC may represent a malignancy arising from an 
airway epithelial progenitor that retains both Hh signalling and 
primitive features of pulmonary neuroendocrine differentiation. 
The vulnerability of SCLC to Hh pathway blockade may represent a 
new therapeutic approach to a disease with a poor prognosis 24 . □ 

Methods 

Detection of 3 -gal expression 

Pcch-LacZ mice were maintained ind genotyped as described*. 5-bromo-4-chloro-3- 
indolyI-0-D-galactoside (X-gal) staining in microdissccted mouse lungs was performed 
overnight as described", followed by post- fixation in formalin, paraffin embedding and 
sectioning. We used wild- type littermates as negative controls. 

Immunohistocnemistry 

Single-colour DAB-immunoperoxidase staining was performed using a modification of 
the DAKO CSA system. Detailed protocols are available on request- Antibodies were from 
Santa Cruz Biotechnologies: Shh (N-19; sc-1 194); CHI (N-16; sc-6153); CGRP (N-20; 
sc-8856). Shh, Ptch and GUI staining was optimized on paraffin sections from Shh 
wild-type and knockout embryos. Glil staining was further confirmed in Flag-GIil- 
overexpressing Coa-7 cells by immunofluorescence. Peptide competition ablated staining 
in tumour samples and embryos. Dual-colour immunohistochemistry was performed 
using the DAKO Envision system. Dual-colour immunofluorescence was performed on 
fresh-frozen sections fixed in paraformaldehyde using Molecular Probes Alexa secondary 
antibodies. 

Western immunoblot 

Whole-cell lysates were sonicated in 2% SDS/50 mM TrisHCI, pH 8. Western blot using 
rabbit polyclonal antibodies for Shh-N were performed as described 2 *. A rabbit polyclonal 
antibody to Glil was developed as described 27 using a glutathione S- transferase fusion 
protein containing amino acid residues 216-271 of human GUI. An ti -cleaved PARP was 
obtained from Promega. 

RNAsa protection assay and northern blot analysis 

RNAse protection assay (RPA) was performed as described 2 " using a Prch-speafic 
antisense RNA probe corresponding to bases 1338-1788 of the human patched- 1 cDNA 
(GL133S863) generated by RT-PCR and subcloned into pCR-TOPOH (Stratagene). 
Northern blotting of 10 tig total RNA was performed as described 2 *, and probed with a 
pteA-specinc cDNA probe obtained from the same construct. 

RT-PCR 

Total cellular RNA was treated with DNAsc, reverse transcribed, and ampl ified fo r 3 1 cycles 
at an annealing temperature of 55°C Primers used were BMP4(+), 5' -CTTTACCGGC 
TTCAGTCTGGG- 3 ' ; BMP4(-). 5' -CCCAATTCCCACTCCCTTGAG-3 , ;GAPDH(+). 
5'-ATCTTCCAGGAGCGAGATCCC-3*; GAPDH(-). 5' -CGTTCCGCTCAGGGATGA 
CCT-3'; ASH-1(+), 5'-CGCATCCAAAGCTCrCCCAAG-3'; ASH-K 5' TGaCC 
AACTTGACGCGGTTGC-3'; ncstin(-f-), 5' -CTCTGGGAGAGGAGATTCAAG-3 : 
nestin(-), S'-C CTl 1 C 1 CAGAGGTCTCAGTG- 3 ' . 
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Shh-UGHT2 reporter assay 

Supercon fluent reporter cell* were cultured as described 10 , then co-cultured in low serum 
conditions in the presence of 1 X 10 5 cells per well of the cell line of interest or purified 
Shh-Np l9 . Luciferase and Rentlla luciferase assays were performed using the Promega Dual 
Ludferase Reporter Assay system. 

Cell culture experiments 

Cell lines were obtained from American Type Culture Collection ( ATCC). Shh inhibitor 
experiments were performed in 0.5% calf serum. C /dopamine was obtained from 
Toronto Research Chemicals. Both were dissolved as X 1,000 stocks in DMSO medium. 
Flag-tagged GUI vectors were obtained from the Joyner laboratory". To generate 
NCI- H 249 SCLC cells overexpressing each of the Gli vectors, mass cultures were stably 
co- trans fected using lipofectamine (Invttrogen) with the Flag-GH vector of interest, and 
pcONAJ.l (Stratagene) to confer neomycin resistance. SE1 anti-ShhN monodonal 
antibody was used at a concentration of I0p.g ml"' as described' 1 . Soft agar assays were 
performed as described 10 . Cells were seeded into six-well plates at a density of 10,000 cells 
per well in agar containing 2% calf serum. MTT assays were performed as described 1 *. 

Nude mouse xenografts 

Tumour cdl lines were injected subcutaneously at 1 X 10 7 cells per mouse and allowed to 
grow to a maximum diameter of 5 mm. Cyclopamine was administered as described 17 . 
Tumours were measured daily and the tumour volume calculated as described 30 . 
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